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This invention relates to the control of access to, and maintenance of the integrity of data resources in a 
data sharing environment An example of such an environment is where a number of worlcstations in a database 
management system (DBMS) have access to one or more permanent data storage resources. In such a systemt 
here is a need to provide fast access while maintaining integrity of accessed data. 

5 A prindpai architecture currently used for data sharing involves the sharing of access to non-volatile data 

storage resources such as disks by a number of control electronic complexes (CEC's). The architecture is also 
referred to as the "shared disks" (SD) environment In the SD environment, all disks containing the database 
are shared among the different CECs. Every CEC that has an instance of the DBMS executing on it may access 
and modify any portion of the database on the shared disks. In this architecture, a global locking facility is 

10 required for concurrency control of data units by different DBMS instances. Each CEC maintains its own buffer 
for temporary data storage. In order to maintain coherency of data units which have been buffered, a global 
locking facility and protocol may be provided. A representative shared disks architecture is the IMS/VS Data 
Sharing product available from the assignee of this application. 

Typically, in the shared disks environment data units are obtained and transferred in the fonm of "pages". 

15 Initially, an executing transaction requests data (usually, a "record") from the DBMS in its CEC. The DBMS 
obtains the page containing the record, places it in its buffer, and notifies the transaction of the availability and 
location of the page. 

The page may be obtained by the DBMS either from a disk (in the form of a direct access storage device, 
DASD), or from another instance of the DBMS which has previously buffered the page. 
20 Whether a record can be immediately obtained depends upon whether the record is currently being acces- 

sed by another transaction. For example, if the record has been obtained by another transaction for the purpose 
of changing data In it any subsequent requests for access must be synchronized with the updating process in 
order to ensure that the most current version of the data is available. Synchronization of access to a piece of 
data is effected by granting a "lock" to a transaction currently updating that data, which prevents all other trans- 
25 actions from gaining access to that data. 

In fact a lock may not necessarily bar access to a page. If the lock is a shared (S) lock, more than one 
transaction may have access to the page. If the lock is exclusive (X), only the transaction possessing the lock 
may have access to the page. 

Shared locks permit multiple, concurrent access to a page, and an S lock will be granted in the face of 
30 another S lock on the same page. If an X lock is requested on a page which is S-locked, the requesting trans- 
action is suspended until the S lock is surrendered. 

In transaction processing, when a transactk>n possesses a lock on a unit of data for the purpose of updating 
the unit the lock is not sunrendered until the update is either "committed" or "rolled back". In this regard, when 
the transaction attempts to update a page, the updates will be committed when the transaction reaches a par- 
35 ticular stage (the "synch point"), or alt the attempted updates will be undone. The purpose of this procedure is 
to maintain consistency of the page when a system abnormality occurs during an update process which may 
affect the integrity of the process, if the update process is completed with no indication of terminating conditions, 
the update is "committed"; if abnormal conditions are indicated, the update is "rolled back". 

When a transaction has completed an update process and the updates are committed, the transaction may 
4C release its lock on the updated unit of data, signaling to other requestors that the unit is available, and guaran- 
teeing the integrity of the data in the unit 

The reversibility of an update process is supported by a log" which a DBMS maintains in a reliable storage 
resource such as a disk. The log is a chronological, or time-based, history of transaction updating acthf'rty which 
identifies the transaction, the unit of data being updated, the condition of the unit before updating, the condition 
45 of the unit after updating, and the time of the updating process. The roll back operation (also called "recovery") 
uses log entries to restore a unit of data to its form before a failed update operation began. 

The subjects of transaction Integrity, recovery, concurrency, and locking are covered in detail in Chapter 
18 of C.J. Date's book entitled "AN INTRODUCTION TO DATABASE SYSTEMS". Addison-Wesley, 1986. 
Locking and transaction processing are designed to meet the problems of multiple access, coherency, and 
50 recoveiy in a database system. A need exists to extend these techniques in a multi-system, data sharing envi- 
ronment so that fast access is afforded to units of data when requested without sacrificing the integrity of the 
data. Data integrity could be threatened when, for example, one Instance of a DBMS in one CEC is updating 
a page to which another instance of the DBMS in another CEC is requesting access. With a proliferation of 
DBMS Instances in different CECs, the challenge is to provide the fastest access to units of data whteh may 
55 be either buffered or stored on disk, while maintaining the integrity of those units of data. 

It is therefore an object of the invention to provide an improved method and structure for providing fast 
access to data resources by multiple users on multiple instances of a DBMS while ensuring coherency of the 
data resources. 
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According to the invention there is provided an electronic data processing system comprising a plurality of 
central electronic complexes each operable to execute one or more processes using data stored in one or more 
disk storage devices to vt^hich all of the central electronic complexes are coupled, comprising first lock means 
for issuing a lock on a unit of data obtained from a disk by a first process in a first central electronic complex, 

5 means responsive to updating the unit of data by the first process to generate a version number for the unit of 
data from a series of monotonically increasing numbers, means for attaching the version number to the unit of 
data in the first central electronic complex and storing the version number with the lock, means for issuing from 
a second process in a second central electronic complex a request for a lock on a record in the unit of data, 
means responsive to the request for the lock on the record to provide the second process w'tth the stored version 

10 number, second lock means for issuing a lock on the unit of data by the second process, means responsive 
to the lock by said second lock means to transfer the unit of data to the second process from the first process 
without writing to disk or virithout log I/O for updates to the unit of data, and means for comparing the stored 
version number with the version number in the unit of data transferred to the second process, from the first 
process, and, if the numbers differ providing the unit of data to the second process from the disk then reading 

IS the record disk, otherwise reading the record from the unit of data transferred to the second process from the 
first process. 

There is further provided in a system for sharing access to data among a plurality of central electronic com- 
plexes by issuing locks to processes executing in the ceritral electronic complexes, the data stored on one or 
more disks to which all of the central electronic complexes are coupled, the locks being issued and managed 

20 by a lock manager to which all of the central electronic complexes are coupled, a method for providing fast 
access to units of data without disk I/O and with guaranteed Integrity of a transferred unit of data, the method 
comprising the steps of: issuing a lock on a unit of data obtained from a disk by a first process in a first central 
electronic complex; updating the unit of data by the first process; In response to updating the unit of data by 
the first process: generating a version number for the unit of data which is a monotonically increasing number; 

25 attaching the versbn number to the unit of data in the first central electronic complex; and storing the version 
number with the lock; issuing from a second process in a second central electronic complex a request for a 
lock on a record in the unit of data; in response to the request for the lock on the record, providing the second 
process with the stored version number; issuing a lock on unit of data by the second process; in response to 
granting the lock on unit of data facilitating transfer of a unit of data to the second process from the first process 

30 without writing the unit of data to a disk or without log I/O for updates to the unit of data; if the stored version 
number differs from the version number in the unit of data transferred to the second process from the first pro- 
cess, providing the unit of data to the second process from the disk and then reading the record disk; otherwise, 
reading the record from the unit of data transferred to the second process from the first process. 

In order that the invention nr^y be well understood, a preferred embodiment thereof will now be described 

35 with reference to the accompanying drawings, in which:- 

Figure 1 is a block diagrammatic representation of a typical computing system environment for operation 
of the invention. 

Figure 2 is a block diagranvnatic representation showing, in greater detail, functional elements and data 
structures necessary for practice of the invention. 

40 Figure 3A-3C form a flow diagram representing detection in one DBMS instance of an updated data unit 

in another DBMS instance and transfer of the update data unit between the instances. 

In the IBM DB2 database system, updated pages are not written to disk at transaction commit time in order 
to improve the transaction response time and concurrency. An updated page which has been obtained from 
disk and updated by a process is called a "dirty" page. Retention of a dirty page in the buffer of an updating 

45 system is called "caching" a dirty page. In order to guarantee proper completion of recovery in the event of a 
DBMS failure, enough information is recorded in the updating system's log at checkpoint to redo updates con- 
tained in the dirty page. In a data sharing environment each DBMS instance has its own buffer pool to cache 
pages and also has a local log. If a dirty page is cached in one system (referred to as the "owner"), then another 
system requesting the page must get the current version of the page from the owner. The owner could transfer 

so the page to the requestor by a) a memory-to-memory transfer between database systems (hereinafter, "a page 
transfer"), or b) writing the page to disk and then making the requestor read it from the disk. Manifestiy, the 
response time and concurrency advantages lie with memory-to-memory transfer since it is possible to save 
two disk I/O processes (a write I/O by the owner and a read I/O by the requestor). 

Coherency can be assured in memory-to-memory transfer by a message process in which the owner writes 

55 ttie updated page to disk, then broadcasts a message invalidating all other buffered vereions of the page, and 
waits for acknowledgemerts from all possible requestore before releasing the lock on the page. A buffer invali- 
dation broadcast, however, can be wasteful in cases where there is a low incidence of contention for pages. 
This process also increases the transaction response time and reduces concurrency. 
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ne Invention provides propagation of an updated page from an owner to a requestor on deniand of the 
requestor. In this respect, the invention provides forthe detection of a cached dirty page by arequesting process 
and speedy provision of the updated page to the requestor by the owner. 

Detection of a cached dirty page is provided in the invention by a trail kept at a global lock manager in the 
fom of a versk>n number associated with the page. The trail is easily used to detect an out-of-date copy of the 
page. The trail is made without additional messages. 

The trail is especially adapted for a multi-user, data sharing environment in which a global table of granted 
locks is maintained for all users. In this respect, when a lock or the purpose of updating a page is first requested 
on a page which is not currently buffered, the lock is granted, the page is obtained from the disk, the page is 
updated, a version number is generated forthe page, and the version number is stored in the lock record entered 
in the global lock table for the page. 

Now, any following request for a lock on the data unit will receive a response Including the updated version 
number. The requestor can compare the version number received in the response with the version number 
attached to its copy of the data unit to determine whether it needs a new version. If the requestor's version 
number is less than the returned version number, the requestor can seek transfer of the latest version from the 
owner, or obtain it from DASD. 

Figure 1 illustrates a multi-user data sharing environment in which the invention is practiced. In the multi- 
user, data sharing environment, a database (DB) 10 may include one or more direct access storage devices 
(disks) for permanent (non-volatile) storage of data. Data is stored to, and obtained from, the DB 1 0 by a plurality 
of central electronics complexes, two of which are indicated by 12 and 14. Each of the CECs serves oiie or 
more database users and includes for this purpose suitable database management functions. For example, 
the CEC 12 includes a database management system (DBMS) 16 having a date manager (DM) 20, a buffer 
manager (BM) 22, and a buffer pool (BP) 24. The DBMS 16 maintains a log 26. Simttariy, the CEC 14 includes 
DBMS 30 with DM 32, BM 34. BP 36, and a log 37. In this description, the different DBMSs are identical, and 
are also referred to as "instences" of each other. 

Access to units of date stored In the DB 10 is managed by a locking system including local locking managers 
(LLMs) 18 and 31 and a global locking manager (GLM) 40. 

Locking is managed by the GLM 40 In conjunctkjn with the LLMs. Relatedly. a transaction will request 
access to an Identified unit of data. This request is passed by a message through the DBMS where the trans- 
action is executing. Implicit in the request is a request or a lock, which the DBMS 16 passes to its local lock 
manager. The LLM forwards the lock request to the GLM. The GLM receives and processes grant requests 
from its LLMs and processes the requests, granting locks by means of messages returned to the requesting 
LLMs. 

The lock management arrangement of Figure 1 provides global locking functions, but does not perform I/O 
on the DB 10 when the locks are granted. Inherent in the global locking management function is the ability of 
the lock manager (comprising, for a DBMS, its LLM in conjunction with the GLM) to determine and identify any 
other DBMS having an updated version of a unit of date for which a lock is requested. Further, given a message 
and a lock name, the lock manager can send the message to the current holder or holders of that lock. This is 
termed a "notify" message. 

The DBMS instances 16 and 30 can comprise currently avaflable systems which operate in conjunction 
with a global locking functton. It is assumed that these instences communicate with a lock rnanager by means 
of messages. An implementation of the invention enhances the DBMSs to provide a new and useful method 
for detecting dirty pages and effecting the memory-to-memory transfer of detected dirty pages without the need 
for conducting I/O operatkins with the DB 10. 

For perfomiance reasons, each DBMS instence has its own log manager which mainteins ite own log to 
which log records are first written. In DBMS16, the log manager (LM) 25 manages the log 26. In DBMS 30 LM 
35 manages log 37. Forthe purpose of handling date recovery, a merge log function produces a merged version 
of the local logs (the "merged log" 42 in Figure 1). This function can exist in any CEC in the complex. A log 
manager associates with each log record a log sequence number (LSN) which is a monotonlcally increasing 
value. For example, an LSN can comprise a timestemp, requiring that the clocks in the multi-user date sharing 
complex of Figure 1 be synchronized by a system dock 44. 

In the discussion which follows, it is assumed that recovery is based upon write-ahead logging (WAL) in 
which an updated page is written back to the same DASD location from which it was read. The WAL protocol 
asserte that the log records representing changes to a page must already be in non-volatile storage before the 
changed page is allowed to replace the previous version of that page on DASD. In the invention, every page 
in the database has a page_LSN field which contains the LSN of the log record that describes the latest update 
to that page. The value in this field is also referred to as the "version number" (VRSN) of the page. This allows 
the page state to be related precisely with respect to the log records that have been written for it in order for 
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recovery to be performed correcOy. Further, as wDl be explained below, the BM in each DBMS instance uses 
the version number information to ensure that its log has been forced up to the corresponding LSN before it 
writes the updated page to DASD. 

When any DBMS acquires a page for updating, it is asserted that the same page will not be updated oon- 

5 currently in a different DBMS, since that would require the existence of a mechanism to merge concurrent 
updates into a single version of the page. Further, concunrent updating would affect the granularity of locking. 
To avoid these problems, the invention employs a physical (P) lock on a page to serialize the updating of that 
page by multiple systems and employs a logical (L) lock on a record. Logical locks are held for the duration of 
a transaction, while physical locks need to be held only as long as the system is holding a page in its buffer 

10 pool. P locks are acquired by a buffer manager (BM) on behalf of the transaction system, while L locks are 
acquired by the data manager (DM) on behalf of individual transactions. 

it is asserted that a locking compatibility relationship amongst the different modes of locking exists and 
that locking modes include S and X, explained above, and U for "update". The update mode permits other sys- 
tems to acquire S mode locks, txjt bare all other locks until the updating transaction is completed. 

15 In the invention, P locks will be conditioned to either the S or U mode, while L locks will be conditioned to 

the S or X mode. 

The different elements of Figure 1 are directly connected to one another by way of high speed communi- 
cation links over which the systems communicate by a conventional message-passing protocol. In this regard, 
the CEC 12 communicates witti global lock manager 40 over high-speed link 51a, while link 51 b connects the 

20 GLM 40 with the CEC 14. Direct connection between the CECs 1 2 and 1 4 is provided by high speed link (comm- 
link) 50. Direct shipping of a page between the CECs 12 and 14 is by way of the link 50. Preferably, this Is 
done by employing a datagram protocol which provides no delivery gurantees. This Is Important to assure that 
the cost of shipping a page directly is minimal. 

Refer now to Figure 2 for an underetanding of the interconnections between the functional elements operat- 
es Ing in the environment of Figure 1 and data objects which are used in the practice of the invention. In Figure 
2, the CEC 12 is illustrated with a sut>stantial amount of detail and with the understanding that the explanation 
applies equally to the CEC 14 which is shown with a minimum complement of functions. As Figure 2 shows, 
the GLM 40 is an N-way manager which performs lock management functions for a plurality of LLMs including 
those in the CECS 1 2, 1 4, and 70. In each CEC, executing transactions access data by way of the local instance 

30 of the DBMS. For example, in the CEC 12 a requesting transaction (TX) 80 obtains access to data in the datak>- 
ase inia conventional manner through the DBMS 16. Relatedly, when the TX 80 requires access to a record 
for reading or updating, it passes a request to the DBMS 16 where the data manager 20 passes a request for 
an L lock to the local lock manager 18. The requested record is retrieved by the buffer manager 22 from the 
buffer pool 24, either from a page already resident in the pool, or from a page transferred into the pool firom 

36 another DBMS or from the DB 1 0. Each page in the buffer pool 24 has a buffer control block BCB, one of which 
is indicated by reference numeral 85. 

The BCB 85 includes a plurality of infomnation fields 85a-85n. The field 85a names the page. The field 85b 
(VRSN) holds the vereion number of the page controlled by the block. The field 85c (D0iN6_l/0) indicates 
whether the page is being obtained by an I/O process from the DB 10. The field 85d (NEW_PAGE_REQ) indi- 

40 cates whether or not a new version of the page must be brought into the buffer pool 24. The field 85e 
(PAGE.USABLE) indicates whether the current version of the page is usable. The field 85f (DATA_MOVED) 
is set when the page is moved into the buffer pool after it is received firom another DBMS. The field 85g (U- 
_LOCK_HELD) indicates whether a U-mode P lock is held on the page, while the field 85h (U.LOCK.REQ) 
indicates whether a U-mode P lock has been requested for the page. The field 85j (WAIT.QUEUE) indicates 

45 whether transactions served by the DBMS are queued to wait for access to the page. The field 85k stores a 
recovery log sequence number (RLSN) which is the eariiest log point where scanning must commence to 
recover the page. The field 851 (PAGE_DIRTY) signifies whether the page has been updated since it was read 
firom disk. The field 85n is a pointer (PTR) to the page. In this case, the page is denoted as page PI indk:ated 
in the buffer pool 24 by the reference numeral 90. 

50 The format of a page in the practice of the invention includes at least a field 90b for containing a value 

(VRSN) for the version of the page represented by the copy in the buffer pool, and at least one record field. In 
Figure 2, the page 90 has two record fields, 90c and 90d, holding, respectively, records R1 and R2. 

The buffer manager also maintains a queue of pages which have been updated, called the "dirty" queue 
92 on which are queued updated pages 93 and 94. 

55 A latch with two modes for each page is managed by the BM 22 for an executing transaction. When set, 

this latch indicates, respectively, that an X or S mode latch has been acquired on page PI. For page PI. a 
latch field (L) 82 is provided in the BCB to indicate the condition of the latch. 

The local lock manager 18 manages a lock table 81 where, for each cached page, a record is maintained 
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indicating the existence and mode of a P and one or more L locks. The fonrnat is indicated by reference numeral 
83. 

The global lock manager 40 maintains a global lock table 100 containing entries for locks which have been 
granted to local DBMS instances. An entry for P lock in the global lock table is indicated by reference numeral 
5 103 and includes, at a minimum, fields 1 03a-1 03e. The field 1 03a identifies a locked page. The field 1 03b con- 
tains a value RLSN for the page and field 1 03c contains the VRSN number for the page. A holder of the lock 
is identified by the field 1 03d (HLDR), and the locking mode of the holder is indicated by the field 103e (MODE). 
An entry for L lock is shown by reference numeral 102 and includes, at a miminum, fields lock name, mode 
and holder. 

10 To support datagram transfer on the link 50, each DBMS includes a process 105 (PAGE_TRANSFER) to 

assemble and send a datagram transferring a page. Each DBMS also includes a data reception (DATA_RCV) 
process for receiving and caching the transmitted page. In Figure 2 and the discussion which follows, it is 
assumed that the CEC 12 will be requesting for read a page owned by the CEC 14, who will transfer it to the 
CEC 12. Thus, only tiie PAGE TRANSFER process 105 and DATA_RCV process 107 are shown in Figure 2. 

IS Tuming now to tiie mechanics of the invention, explanation will also be given how the VRSN field of a page 

can provide a trail to lead a requestor to a dirty version of a page in an owner's buffer. Explanation shall also . 
illustrate how, once discovered, the page may be transferred to the requestor. Concurrentiy, recovery of trans- 
fen*ed pages will be discussed and illustrated. 

20 PAGE TRANSFER PROCEDURES 

Assume that a requesting transaction 80 in the CEC 12 requests access to a record in a page. The DM 20 
receives the request and formulates an L lock request for the record. Once the L lock is obtained, DM 20 Invokes 
ftx_page procedure of BM22. Assume that the page with the requested record is not in the buffer pool 24. In 

25 this case, the BM 22 on noticing that the page is not in the buffer pool, will issue a P lock request for the page. 
This P lock request triggers the lock management to invoke a page_transfer procedure in the system owning 
the page. If the page is buffered and a more recent version is needed, a notify message to the BM in the owning 
system wDI cause transfer of the page. The BM in the owning system converts its P lock, if required, so that 
tiie P lock of the requesting BM is granted. As explained below, the fbcjpage processing proceeds according 

30 to the particular scheme employed to transfer the page. 

The record lock requested for the transaction is an L lock, while the page lock requested by the BM is a P 
lock. To read the record on a page, the transaction acquires an S mode L lock on the record, while its BM 
acquires an S mode P lock on the page before entering it into the buffer pool 24. The P lock is held as long as 
the page remains cached in the buffer pool. To update a record, the transaction requests an X-mode L lock on 

35 the record. However, before the transaction can update a dean page, the BM must obtain a U-mode P lock on 
the page. The U-mode P lock must be held by the BM for so long as the page remains dirty and cached by this 
tHjffer manager. 

When the BM of the DBMS owning a dirty page acquires its U-mode P lock to update the page, it declares 
to its LLM that its page_transfer procedure may be invoked if (1) there is an intersystem lock conflict caused 

40 by another system seeking to update the page or (2) a requestor in another system makes a non-conflicting 
lock request for the purpose of reading the page. In either case, the page_transfer procedure of the owning 
BM will make the page available to the requestor. 

When the owner of the dirty page completes the update of the page, its commit procedure engenders an 
unlock request for the record which includes a new VRSN value for tiie updated page. This value is replaced 

45 in the corresponding field in the page's lock record in the global lock table. 

Now, when the requestor DM send its lock request for the record lock with verification of version number 
for the page, the lock management mechanism responds by granting the record lock and the VRSN value of 
the page. DM passes the VRSN value received to BM on the fix_page call. In the fixjage processing, the BM 
checks its buffer pool to determine whether it has a version of the page and, if so, compares the VRSN value 

so received from the lock mechanism with the VRSN value in its version of the page. Assuming it has a version 
of the page, and that its VRSN number is greater than or equal to the received VRSN number, the requestor 
BM will not acquire the dirty page from the owner. If, however, the received VRSN value is greater than the 
VRSN value for the page version possessed by the requestor BM, the page_transfer process of the owning 
BM is invoked via a notify message and the page is transferred to the requestor's BP. 

55 Assuming a lock request and invocation of a page_transfer process to transfer a dirty page firom the buffer 

of an owner to the buffer of the requestor, the inventors recognize one existing procedure and tiave designed 
three further procedures for effecting the transfer. 
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SIMPLE PAGE TRANSFER PROCEDURE 

In the simple page transfer procedure, the owning BM writes the page to disk. After the write is complete, 
the owning BM may convert its P lock depending upon the mode of the requested lock. Then the lock mechanism 
5 grants the lock to the requestor and the BM in the requesting system reads the page from disk. 

This scheme is not preferred by the inventors, but is offered to illustrate a simple transfer scheme which 
can be employed when conditions permit This scheme is not prefenred because it requires a lock message 
from the lock managennent to the owner BM and a DASD i/O by the owner to write the page to dtek. Assuming 
that the VVAL protocol is observed, the write I/O will force log processing^ Also required is a message from the 
10 owner to the lock management for response to the page transfer and a disk I/O by the requesting BM to read 
the page from disk. 

As should be obvious, this simple scheme is costly because it increases transaction response time and 
decreases concurrency. 

15 MEDIUM SPEED PAGE TRANSFER SCHEME 

In the medium speed page transfer scheme, the BM of the owner writes the requested page to disk and 
concurrently transfers the page to the requesting BM. The write to disk is done only rf the request is for a U-mode 
lock. Following completion of the write to disk, the owning BM may downgrade its P lock, following which the 
20 lock management grants a lock to the requeistihg BM. 

As should be evident, a read i/O by the requesting BM Is avoided by transferring the page to the requesting 
BM. However, the datagram protocol does not guarantee that the requestor will receive the transferred page. 
In case of a system failure, only the failed system's log is needed to cover those dirty pages held in the failed 
system's buffer pool. 

25 The lack of a guarantee of timely anival of the transferred page at the requesting system gives rise to three 

possibilities. First, the page may am've before the P lock is granted to the requestor. Second, the page may 
arrive long after the P lock is granted, in which case, the page may have been already cached by the requestor 
upon being read from the disk. Third, the page may arrive after the requestor BM obtained the P lock, read the 
page from the disk, allowed it to be modified, wrote to disk, and purged it from its buffer pool. 

30 It is assumed that the first case is the normal one, that is, that the page will be transferred to the requestor 

buffer manager before its P lock request is granted. 

For an understanding of how the second and third possibilities are handled, refer to the buffer control block 
(BCB) 85 illustrated in Figure 2 which will have already built when P lock is requested. Assuming that when 
the P lock is granted the page is not cached in the buffer pool 24 nor received from the CEC 14, the BM 22 will 

35 request a U-mode lock on the page if not already held with COMM_LINK transfer option of NO, and then initiate . 
a read I/O from the DB 10. The DOING_l/0 flag in field 85c of the BCB wilt be marked to indicate that the page 
is being read from the DB 10. The inventors have not provided a timeout mechanism to re-request the page 
from the owner. Moreover, since the P lock was granted to the requestor after the owner wrote the page to the 
DB, the requestor will obtain the current version of the page from the DB. Subsequently, if the transferred page 

40 arrives and there is already a cache version, the transferred version is discarded. 
In the third case, if the BCB is not found, the page is discarded. 

FAST PAGE TRANSFER SCHEME 

45 In the fast scheme for page transfer, the owner BM does not write the dirty page to disk during page transfer. 

This scheme requires only three messages, that is. a lock manager's message to the owning BM, a message 
to send the page, and a response message to the lock manager from the owner. No disk I/O is required. The 
fast scheme provides better response time and concun-ency than the simple and medium schemes. However, 
this scheme complicates page recovery since a dirty page can be transferred from one system to another and 

so can contain updates from more than one system. In the simple and medium scheme, a dirty page contains 
updates from only the owning system. Hence, with the fast scheme, a merged log of all systems is required to 
recover a page. 

In the fast scheme, a dirty page is transferred from an owning to a requesting system without writing it to 
disk. If, as a result of this, the page's ownership is a so transferred, the transferring BM can remove the page 
55 from its dirty queue. The page can contain committed and/or uncommitted updatesfirom multiple systems. When 
a dirty page is transferred to another system for updating, ownership of the page is transferred to the receiving 
system. In the fast scheme, it is the receiving system's responsibility to write the page to disk. The owner is 
also responsible for recovering the page in case it fails before writing the page to disk. Of course, ownership 
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may be further transferred without invoking recovery or writing the page to disk. 

Since a dirty page may contain non-extemalized updates (that is, updates not entered into the disk version 
of the page from multiple owners, the transaction system which first dirties the page records the recover-log 
sequence number (RSLN) in the corresponding field of the lock record maintained by the global lock manager 

5 40. This RLSN value is the earliest log point in the merged log from where the log must be scanned to redo 
the changes logged for the associated page in case the current owner of the page fails before writing it to disk. 
Maintaining and tracking the RLSN are discussed below. 

Since, during transfer of ownership of a page under the fast scheme, the former owner removes the page 
from its dirty queue, the log sequence number of the page's earliest unapplied (to the disk version of the page) 

10 log record is not used in computing restart recovery point checkpointed by the previous owner. For example, 
if there is only one dirty page in system S1 and Its ownership is transferred to system S2, the next checkpoint 
in S1 would result in a recording of the restart recovery point to be the start of this checkpoint as opposed to 
the RLSN of the dirty page. However, the RLSNs of all the pages which are owned by a recovering system 
must be used in the calculation of the recovery point. 

15 Since, during transfer of ownership of a page, the transferring owner removes a page from its dirty queue, 

there is a time period during which, if the RLSN is lost, recovery of the page will be jeopardized. For example, 
assume that a page is held in U mode by system S1 and system S2 requests it in U mode. System S1 ships 
the page to S2, removes it from its dirty queue, and downgrates its lock. Then, the next checkpoint of system 
S1 starts and records a restart point which is beyond the earliest unapplied log record for the dirty page which 

20 was shipped. Now assume that the complex containing system S1 falls. The RLSN is lost and the checkpoint 
Infbnnation of 81 and S2 will not be avaHable to indicate the posltton of the relevant tog records of the dirty 
page. The inventors contemplate that this problem can be dealt with by checkpointing the global lock table 100, 
including the RLSNs, on a penodic basis. This is an environment-wide checkpoint of what is effectively a dirty 
page lisL This checkpoint is used to determine the restart recovery point when an environment-wide or complex 

25 faBure occurs. The checkpoint can be implemented by having one transactton system run a low prtority process 
which periodically queries the global lock table 1 00 and records the IDs and RLSNs of those pages for which 
U locks are being held. The lowest recoided RLSN is thus used to compute the restart recovery point during 
an environment-wide restart 

A final conskleratton of the fast page transfer scheme concerns transfer of the page by way of the link 50. 

30 A short.message is sent to the requestor with the lock grant announcing the presence of the dirty page in the 
owner's buffer. The usage of a stale version of the page is avoided in the same way as in the medium scheme. 
However, in the fast scheme, if a stale version of a page is cached or the page is not received by the time the 
lock is granted, the requestor cannot read the page from disk and use it as it is. The requestor must first obtain 
a U-mode lock if it has not already become the owner as a result of obtaining the P lock. Relatedly, the request- 

35 ing system submits in its lock request that the page be written to disk by the prevk>us owner. If the owner has 
not failed, it writes the page to the disk, from which the requestor can obtain it If the current owner has failed, 
this permits the requestor to recover the page. Recovery in this case involves reading the older version of the 
page from the disk and applying the log records from the merged log to bring the page up to date. The log would 
be scanned from RLSN to the LSN when the owning system failed. An upper k>ound for the latter can be obtained 

40 by the new owner by noting, at the time it becomes the owner of the page, what the LSN would be if a new log 
record were written at that precise moment 

SUPER FAST PAGE TRANSFER SCHEME 

45 In the super fast scheme, the owning BM is not required to force its log up to the LSN of the page before 

transferring it. With this scheme, the cost of a page transfer is three messages, no disk I/O, and no log force. 
However, in order to ensure that the WAL protocol is observed, this scheme requires the tracking of the LSN 
values associated with the page on a per-system basis for all systems where the page has been updated since 
it was obtained from disk. For each updating system, the LSN to be remembered is the LSN of the page as it 

50 was transferred by that system to some other system. The page can be written to disk only after all the updating 
systems have forced their respective logs up to the LSNs being tracked. This is required since it is assumed 
that each system has its own log which makes the log force of each system independent of those of the others. 

Tracking of log records for a sequence of systems can be accomplished according to the following pro- 
cedure. A certain number of slots in the BCB for the dirty page can be allocated, each slot being used to track 

55 the LSN at the last log record written by each one of the systenrvs which updated the page. For so long as a 
slot is available, an updating system notes the LSN of the log record just written for the page. Otherwise, the 
system follows the fsist scheme, described above. That is, it would force the log before transferring the page. 
If a dirty page's ownership Is transferred without some updating systems' logs having been forced to the requis- 
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ite points, then the infonmation in the slots is passed on to the new owner along with the page. 

Before writing a dirty page to disk, its cun^ent owner ensures that all systems which previously updated the 
page have forced their respective logs up to the LSNs noted in the corresponding slots. For efficiency, the inven- 
tors contemplate that each system would, on a periodic basis, register with the GLM 40 the highest LSN up to 

5 which that system's log has t>een externalized by transfer to stable storage. This highest LSN is referred to as 
HLLSN. Periodically, GLM 40 would forward HLLSNs of other systems when it send a message to a particular 
system. If the log Is not already known to have been forced up to the required LSN in another system, the current 
owner sends a message to that system and requests it to do so. In the case that one of the previous systems 
has felled and will not respond to a log force request, there will be in the current owner's buffer pool, a dirty 

10 page which may have some updates for which there are no log records on stable storage. Therefore, the page 
must be recovered In a manner described below. Before undertaking the below-described page recovery, all 
surviving systems which have updated the page previously are required to externalize their log records to the 
' requisite LSNs. This avoids missing a log record which has not yet extemalized for an update made by another 
system whtoh may be committed later on. The cunrent owner reads the page from DASD and recovers it using 

IS the merged log. It does this by extracting and processing the relevant log records via a scan of the merged log 
from the RLSN of the page to the time when the page recovery is initiated, the latter point being refen-ed to as 
the To.LSN. 

PAGE TRANSFER SCHEMES WITH RECORD LOCKING 

20 

Lock Management Functions 

Assuming record locking in the fonm of the L lock described above, the lock management also assists in 
maintaining page coherency. Refening to Figure 2, and assuming that the CEC 12 is the requesting, and the 

25 CEC 14 is the owning system, the global lock table records indude a VRSN field for each lock. This field con- 
tains, for example, the LSN of a page and is in addition to the RLSN field, the log point for page recovery. When 
the first lock on a page which is not cached in any DBMS Is requested the VRSN field Is initialized by the lock 
manager to zero and the value in this field is replaced in the glot>al lock table 100 only when a VRSN provided 
by a system, is greater than the existing value. 

30 With an unlock request from a lock holder, the lock management accepts a list of page lock names and 

their associated VRSNs. Typically, at transactbn commitment time or after a transaction is completely rolled 
back, when the transaction system issues an unlock request to release all of the locks for a transaction, it may 
also send a list of page lock names of updated pages and those pages' version numbers to the lock manager 
In a field included in the unlock request. The purpose of passing this list with the unlock request is to register 

35 the version numbers of the updated pages so that other systems that may have cached those pages may easily 
verify the currency of their pages. 

A list of page lock names and their current versk>n numbers is maintained by the owner system. Such a 
list is indicated by a reference numeral 120 in Figure 2 the indicated list being under control of the buffer man- 
ager 34. The list 120 is maintained by the buffer manager 34 as page updates are performed; alternatively, it 

40 can be generated at transactton tenmination time by scanning the buffer pool for the dirty pages. The buffer 
manager 34 maintains the list on a systenrvwide basis. When the buffer manager steals a page. It passes the 
VRSN of the page with its unlock request for P lock. When the lock management receives the unlock request, 
it enters the value in VRSN field for the lock. 

It is ot>served that a transaction may pass the VRSN for a page which it has not updated, since the sys- 

45 tenrvwide list may contain the page_iD of a page updated by another uncommitted transaction. Also, a trans- 
action may not pass the VRSN of a page which was updated by It since this number may have already been 
passed by another transaction or by the buffer manager. The lock management mechanism updates the sup- 
plied VRSNs before processing the unlock request in which they were received. 

For the following discussion, it is asserted that lock requests can be generated on behalf of either a trans- 

50 action or a buffer manager. When the former is the requestor, the requested locks are L locks, when the latter 
is the requestor they are P locks. Lock requests are sent in the form of multi-field messages via the local lock 
manager to the global lock manager. A requestor is notified of the grant of a request in the form of a message 
fonvarded from the GLM 40 through LLM of the requesting transaction or the buffer manager. In the discussion 
which follows, short_messages are always passed to the grant messages 

55 Similariy, after transaction commit or roll-back, unlock requests are sent by the system owning a lock via 

its local lock manager to the GLM 40. 

The lock management mechanism provides a verify option in conjunction with a lock request The verify 
option returns the VRSN of the named page in response to a lock request Significantly, when a DM issues a 
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111 t 'I'Z !^ ^^"^ ^"^^ ^^'"^ °" '^"'^d is stored. If no lock 

olt «Ik-mo T^'.'''' '"^ "y^*^""' '"'^'^ nianagement returns a VRSN value of 0 ^ 
ZTd^ The verify option Is used by the DM to ensure that it is reading or Z 

^ ?L^ST°" ° ^" °' P^Se is already cached in the BM's buJ^ 

S^^lo^r? f^*^^."'' '"^ "^"^9^^ '^""^ is granted and is provided wSi 

Jt^K " °^ '^P°^"«=e that, at the time a request is issued for an L lock. a,«ther ^ton 

m>ght shH be mod^.ng that record. In which case the VRSN number of the corresponding p^e is^edenTr 

SiXeS ^!r' '"^"^S^'"^"* guarantee that it will know the VRSN vie of 

S^iiTLT^r^ r"*?" "P"^'^'^ guarantee is possible because a trant 

Tn^u^^t "?n^^'■^'T^'* VRSN value of the page is entereS ST^ 

_ global lock table 100. In order to accomplish this, the VRSN numbers are updated before the untodTre^Mt 
accompanying the VSRN values are processed during transactfon tenninatton untock request 

The VRSN value provided in response to the verify option and a lock request is returned as a 
^orLm^ge. When the short.message is returned with a granted L lock, it is refeired to as an T short me^ 
sage. The .nventore contemplate that a local lock manager may grant an L lock locally as In therase^S^^ 

S n^Tj rr ^ °" '^"^ ^"^ "^2 in S1 also request a^SfoTo" 

R1. In this case the L short.message that was given to the original lock requestor must be provWed to^tte 

■ « K "management finds that the verify option refers to a page for vi^ich no svstem 

IS ounently holding a lock and for which there Is no VRSN value to return, It can sSefy ,S.m S ^lu^S 0 
and Owner_Exists=NO This implies that the latest vereton of the page Is in DB 10 and iS^ c!^« vereTon 
toread. It .sobsen^ed that this alsomeansthatthesystemrequestlngtheLlockdoesnotal^^^ 
of the page cached in the buffer pool at the time the L lock was granted eaoynaveavereion 
The L_shoiUTiessage is used in fixjage processing to determine whether or not the requestor can use 
TnSr^^t ?h' "''""^'"'^ not current and therequ^e^ 

amc^erecentve|^.on of the page. thenitsBM needs toobtainanewvereionof the page. The lock manwe^nt 
mechan.sm provides a notify option to send a message to a system which holds a^ in a c^in r^eTte 

nlTlS BCB Jit f I T *h«- - one. The^ wol W 

iZ^^^^^T K "^T"" ^" '""^ NEW_PAGE REQ field (85d in 

rSsiTn i '«''"/s«"9 transactten which requires a more recent verelon than the «chJ3 

veraion of the page will be suspended until the new vereion arrives. Transactions whose VRSN in L short mi 
sage .s less than or equal to VRSN of the cached page can continue to use the cached vereten orie Jartf 

of the page is the latest one. In that case, the BM would read the page from the DB 10 «SKvereion 
To understand the page_transfer procedure, refer to Figure 2 v^ere the owner DBMS 30 in the CEC 14 
sends to the requesbng DBMS 16 in CEC 12 a short.message. This message is sent by vSy of 31 40 18 
This message, which contains the VRSN value of the transferred page is refe^d to as a P shfrt messkoe 
since It relate«to a P lock. The owner attaches this message to a P iSc-related downgrading requel^^.^ 

«feby"r'JLLM/S^^^^^^ 

sage by way of LLM/GLlWVLLM to the requestor after transmitting the page directly to the requestor. In thiJcase 
ttie P_short_message acknowledges a request for the page transfer. If the owner is sun^endering owroSS 
dunng this operation then the lock management updates the VRSN value of the page in the gS STtTbl^ 
The Short.message includes a flag field owner.exists which indicates whether or not an ot^er existe fS " e 
^ge. This flag ,s set by the GLM 40. If there is no owner for a page for which a P took or TwerTreion hSs 
*e'^"JS?„-r" """^ '° P.short.message and includes the VRSN S 

the page. When there is no owner, the global lock table 100 will already have an entry for this page If 

^JZT " ^'T'^ ^ °" P^9«- VRSN valuVcSdl^Tzere^a 

result Of the page having been updated and then the U lock having been surrendered by the upSaS^^Tystem 

^^l^.^ ""^^ ^•'^^ S'^'^al lock table 100. Otheriff^ 

VRSN numbe wril be zero due to the fact that the global lock table entry would have been created J^suTt 
Of fl^ecurrent lock request In this case, as mentioned before, the VrZ field will be initializSSh^; ^ 

SS?l„H n?? -i^K '^^'^^ connection with the pseudocode representato^S 

I™ ? ^ ^"^'^"^ *° ^'"'^'^ ^ '^"^ pseudocode representation. togeft^wS the 

necessan^ mach«e^ecutable instructions to operate a general purpose computing system 8031^ ^ 
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invention. In the pseudocode tables, signifies "not equal" and comments are bracketed between "/*" and 
FIX PAGE PROCESSING FOR MEDIUM SCHEME 

5 

Initially, a transaction in the requesting system requests some data, in response to which the DM in the 
requesting system issues an L lock request for the record. Lock Manager grants the L lock with L_short_mes- 
sage. Then DM issues a fix_page request to BM with L.short.message as parameter if the request is for reading 
a record. L.short_nr)essage is not passed if the request is for updating the record in the page. The rational for 

10 passing L_short_message for the read case is to ensure that BM must provide a page In the bufferpoo! which 
has VRSN greater or equal to VRSN in the L_short_message. To update a record In the page, BM has to get 
the latest version of the page. BM has to get the latest version of the page, so L.short_message need not be 
passed in that case. During the fixj^age processing by the BM. if the page is not already cached, the BM 
requests a P lock on the page. In this case, the page is either owned, or not by another system. 

IS If the page is owned by another system, the lock management would invoke the page_transfer procedure 

in the owning system. The owner transfers the page and sends a P_short_message which has the VRSN value 
of the transferred page and the Owner.ExIsts = YES. if the page with the VRSN has not anrived by the time 
the P lock is granted to the requestor, the BM will try to t>ecome owner of the page by requesting a U lock with 
the associated message of COMM_LINK_TRANSFER=NO. This makes the current owner write the page to 

20 disk irrespective of page transfer scheme in use. If the current owner has failed, then the page Is recovered 
using the RSLN provided by the GLM 40. In this case, the recovery actions to be performed depend upon the 
page-transfer scheme in use. 

In the case where there is no owner then the P_short_message would indicate so and the requestor would 
read the page from the disk. 

25 Referring now to Table I, the inputs to the fix_page processing are page_ID, request_type (read or update) 

and, possibly, L short message. The S and X latches are used during page accesses to provide physical con- 
sistency of the page's contents. The S latch 83 is used during reading access to its associated page and the 
X latch 82 during an update operation on the page. The BM always returns to the requesting transaction with 
tiie appropriate latch. The BM will always try to locate the BCB for tiie identified page. Consider two primary 

30 cases: (1) the BCB for the page does not already exist and (2) the BCB does exist 

In case i, the BCB does not exist, implying that the page is not cached. In this case, the BM 22 allocates 
a buffer, builds the BCB 85 and marks the BCB field 85e to indicate that the page is unusable, sets the field 
85f to off and requests a P lock on the page. The PAGE_UNUSABLE mark lets subsequent fix_page issuers 
know that no usable version of this page exists. The DATA_MOVE flag indicates at a later point in the processing 

35 whether the DATA_RCV process has received a copy of the page and cached iL A P lock is requested by the 
BM 22 in S or U mode, depending upon the request. The requested lock mode is indicated in the BCB by setting 
the U_LOCK_HELX) field to no and the U_LOCK__REQ field appropriately to no or yes. When the requested P 
lock is granted, the BM receives a P_short_message with it. If an owner of the page exists, this message woukJ 
have been generated by the owner, otherwise by the GLM 40. In order to serialize with the DATA_RCV process, 

40 the BM 22 S-or X-latches the page depending upon the request If the U lock was obtained, fields 85g and 85h 
are updated. If the BCB is marked with the DATA_MOVED field set on and the VRSN value P_short_message 
is less than or equal to the VRSN value on the cached page, then the BM 22 tums the PAGE_USABLE field 
85e on and awakens any transactions that might have entered the wait state pending arrival of the page. If (1) 
tiie page was not transferred (OWNER.EXISTS=no). (2) it was not received (OWNER.EXISTS=yes) and 

45 DATA_MOVED=OFF. or (3) an older version of the page was received when DATA_MOVED=ON and VRSN 
Is less than the VRSN value in the P_short_message then the BCB is marked PAGE_UNUSABLE,DOING_l/0 
to indicate that an attempt is in progress to obtain a page from DASD. The marking prevents the DATA_RCV 
procedure from modifying the page while the I/O is in progress, in this case, the BM 22 invokes the 
page_recovery routine, passing to it the MUST_RECOVER flag. This flag is set to yes if owner_exists=yes; 

50 othenftrtse. It is set to no. On retum from the page_recover routine, tiie BM 22 will S- or X-latch the page, depend- 
ing upon the type of request and retum to its caller. 

The PAGE_RECOVERY routine for case 1 keys on the MUST_RECOVER flag in the BCB. If the flag is 
conditioned to "yes" and the BCB indicates that a U-mode lock is not held, then the recovery routine requests 
the P lock in U mode with the message COMM_LINK_TRANSFER=NO. The request for the U mode lock would 

55 make the owner write the page to disk. Ordinarily, the owner would not write the page to disk when an S-mode 
lock is requested on the page. Hence, the need to request a U-mode lock. Once the lock is granted, the BCB 
is updated to note that tiie U-mode lock is held. If the U-mode lock is already held, the MUST_RECOVER flag 
is set to "no", then the above processing is not done. In any case, next an I/O is initiated to read the page from 
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disk Once the I/O completes, the PAGE_USABLE field is set to yes in the BOB, the DOING J/O field is set to 
no, and the NEW_PAGE_REQUESTED flag is set to no; now, any existing waiting transactions are resumed 
and the call returns. 

In case 2, where a BCB exists for the requested page, the BM 22 inspects the BOB PAGE_UNUSABLE 
5 field. If this field Indicates that the page is unusable, then the implication is that no usable version of the page 
is currently cached and that some other transaction is already attempting to obtain a usable version of the page. 
In this case, the cunrent transaction will queue itself on the WAIT_QUEUE and suspend execution. The trans- 
action will be resumed when the page becomes usable. The remainder of the fDc_page processing depends 
upon whether the requested lock is for an update or a read of the page. 

10 Assume that a transaction has issued a request to update a page. In this case, the BM will latch the page 

in the X mode by setting the X latch in the local CEC. Unlike in the case of a read request (explained below) 
in response to an update request, the BM does not pay attention to the L_short_message since it needs to 
ensure that the latest version of the page Is in the local buffer pool before an update of the page can be allowed. 
If a U-mode lock is already held on the page, then the fix_page process returns to the caller immediately. If no 

15 U-mode lock is currently held, but has been already requested in response to another transaction's fix_page 
request, then the cunrent transaction suspends itself, waiting for a grant of the earlier transaction request. 
Otherwise, the X latch is released and a U-mode P lock is requested after appropriately marking the U- 
_LOCK_REQ and NEW_PAGE_REQ fields of the BCB. thereby letting others know that a U-mode lock and a 
new version of the page has been requested. The U-mode lock request is sent as a message by BM to the 

20 lock management. With the U-mode lock request, as an optimization, the VRSN value of the cached page could 
be sent. This could be useful If it helps the current owner (assuming there is one) to discover that the requestor 
already has the latest version of the page. The owner can compare the VRSN values and elect not to transfer 
the page If the requestor's verston is the current one. 

Upon a grant message from the lock management granting the U-mode lock, the BM updates the BCB by 

25 clearing the U_LOCK_REQ field and setting the U_LOCK_HELD field. At this point, the page is X-latched (by 
the BM setting the X latch) and a check is made to ensure that the latest version of the page is already present 
in the buffer pool. The message sent by the GLM 40 to grant the U-mode lock is accompanied by a P- 
_short_message containing the VRSN value in the global lock table 1 00. When the BM receives the messages, 
it sets the X latch and compares the VRSN value received with the VRSN value of the version of the page in 

30 the buffer pool. If the VRSN value of the local page version is less than the VRSN value received, the 
PAGE_UNUSABLE and DOING J/O fields are set in the BCB. and the PAGE.RECOVERY routine is used to 
read the page from DASD. 

Assume that a read request has been received from a transaction. The page will be latched in the S mode 
by setting the S latch for the page. In the case of a read request, the BM does pay attention to L_short_message 

35 received with the lock grant message since the version of the page made available to the transaction does not 
always have to be the most current version. All that is required is that the version be at least as recent as that 
indicated by the page VRSN value present in the L.short.message. The S latch is set before comparing the 
VRSN value in the BCB with that received in the message. If the message value is smaller than or equal to the 
BCB value, then the fix_page processing returns to the calling transaction. Otherwise, a request for a new ver- 

40 sion of the page is issued, if such a request has not already been issued on behalf of another transaction. The 
request is made by issuing a notify_message to the owning DBMS. As in the case of the P lock request, the 
notify_message will cause the owner to send a P.short.message which is delivered by way of LLM/GLM/ LLM. 
If no owner exists, the GLM will generate the message and send it via GLM/LLM. The transaction suspends 
while listening for the arrival of the P_short_message. Since the transaction has issued a read request, even 

45 though the medium fast page transfer scheme may be in effect, the owning DBMS does not write the page to 
disk in addition to transferring to the requestor. The transactton. once resumed by receipt of a P_short_message 
from lock management will obtain the S latch on the page and check to see if the desired version of the page 
has arrived by comparing the page VRSN value with the VRSN value in the L_short_message. If tiie desired 
version has anived, the call returns. Otherwise, the MUST_RECOVER field is set to the same value as the 

50 owner exists flag in the P_short__message. At this point, the page_recovery routine is invoked to obtain the 
required version of the page. 

OWNER BM PAGE_TRANSFER PROCESSING 

55 Refer to Table II and Fig. 2. When the page_transfer procedure is invoked in the BM of the DBMS owning 

a page, the procedure will first fix and S latch the page. This latching is required to transfer a consistent version 
of the page. If the page is dirty, a U-mode lock request has been submitted by the requesting system, and a 
write I/O for the page is not already in progress, then the owner BM will initiate an I/O for writing the page to 

12 
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disk. If COMM_UNK_TRANSFER is requested, the page will be transferred directly to the requestor, if a write 
I/O for the page is in progress, and the requested lock mode is U, then the procedure waits for the I/O to conv 
piete. Next if the requested lock mode is U, a request to downgrade the P lock to the S mode is prepared by 
the owning BM and the new lock state is noted in the BCB of the owner BM. The page is unlatched and unfixed. 
5 The procedure then returns the P_short_message to the lock management, which forwards it to the requestor. 
At the same time, the owner submits a lock downgrade request. If the requestor seeks a U-mode lock, then 
the page transfer procedure also passes the VRSN value of the page via LLM/ GLM/LLM, allowing the GLM 
to update the VRSN value in the global lock table entry for this page. 

10 REQUESTOR DATA_RECEIVE PROCDURE 

Refer now to Table III and Figure 2 for an understanding of how a requesting BM receives a requested 
page and control infonmation by way of the data_receive procedure. This procedure is invoked when a reques- 
ted page arrives. If the transferred page arrives late because the requestor has already read it from the DASD, 

IS then, the transferred page is discarded. 

If, when the procedure is Invoked, the BCB does not exist, the implication is that the anival of a previously 
requested page has been delayed. Since the P lock request or a notify call from fix_page triggers every page 
transfer, the BCB would exist if the requested page had arrived In a timely manner. If the BCB does not exist 
when the data_receive procedure Is invoked, the received page Is discarded. 

20 Movement of the page by the procedure Is Indicated by the DATA MOVED flag in the BCB. If this flag is 

marked "on**, the page is cached in the buffer pool. 

if the PAGE_USABLE field of the BCB Is marked and a page arrives, the data_receive procedure must 
compare the VRSN value of the received page with the value in the BCB before overlaying it on the cached 
page. This is because of the uncertainty of the timely arrival of pages. The received page wQI be discarded if 

25 its VSRN value is less than or equal to the VSRN value of the cached page. Otherwise, it will be copied over 
the existing version. Because of record locking, a more recent version of an already cached page may arrive. 
One reader might have read a record from the cached version while another one requires a more recent version 
of the page for another record. The latter will trigger the transfer of the more recent version via a notify call to 
the owner from the requestor via the lock management 

30 Before overiaying an already cached page, the data_receive procedure X-latches the page to ensure that 

no transaction is actively reading the old version of the page. Multiple date_receive procedures are also 
serialized by the X latch on the page. 

Thedata_receive procedure is invoked when a page sent by the owner arrives and, when invoked, it locates 
the BCB for the page. The page will be discarded immediately for the following cases: (1) the BCB does not exist, 

35 (2) the BCB DOINGJ/O flag is set, or (3) in the BCB, the PAGE.USABLE indication is ON and the NEW.PAGE 
REQ flag is OFF. 

If the BCB does exist, two cases are considered: in case (1), the page is unusable; in case (2), the page 
is usable. 

In case 1. the data_receive process will X-latch the page. The procedure will immediately unlatch the page 
40 if the D01NG_l/0, DATA_MOVED, or PAGE^USABLE field of the BCB is set Othenwise. the procedure will 
copy the page, turn on the DATA_MOVED flag in the BCB. unlatch the page, and retum. 

In the second case, the DATA_RCV procedure will X-latch the page. Then, if the DOINGJ/O flag is on or 
the NEW_PAGE_REO flag is off, or if the VRSN value of the received page is found to be less than or equal 
to the VRSN value of the cached page, the procedure will set NEW.PAGE.REO to off, latch the page and 
45 return. Otherwise, It will copy the page. If U_LOCK_REQUESTED is off. the procedure will wake up the trans- 
actions queued on the WAIT_QUEUE after setting NEW_PAGE_REQ to off. Then, the procedure will unlatch 
the page and retum. If the U-mode lock has been requested, then the wake up will t>e the responsibility of the 
transaction receiving the U-mode lock. 

50 



55 
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TABLE I ; FIX_PAGE PROCESSING 

Case 1 - BCB does not exist (i.e., the Page is not Cached) 

Allocate a buffer and mark the BCB "Page-Unusable". 
"Data-moved" is set to Off. 

Request the P lock. Mark the BCB field U-LOCK_RBQ if u 
lock is requested. 

/*The lock is requested in s or a mode depending on whether the 
request-type is read or update.*/ 

/*The lock manager returns a P.short.message with the lock grant 
(the owner sent this message if the page was cached in another 
system; otherwise, it is generated by lock management. If Owner 
sent this message, Owner_Exists flag in P_ShortJlessage is set to 
VES. otherwise Owner_Exists is set to NO*/ 

Set S or X latch depending on request-type 
/* Serialize against the Data-Rev */ 

If the BCB DATAJ!OVED field is marked "On", then do 
a- If (Owner_Exists in P_Short_message - XES) and 

<page_version_number = version.number in the P.Short.message ) , 

then 

1) Mark the BCB "page_usable" 

2) Resume waiters, if any 

^> /*Latch held V 

If (Owner-Exists in P^Short^message =N0) OR 

/*Page was not 
shipped */ 

(BCB is marked ••Data^moved=Of f ") OR /*Data-Rcv didn't 

move data*/ 
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IS 



20 



25 



30 



50 



((BCB is marked "Data.inoved=On** /*hn old Data-Rev 

moved*/ 

AND Ownerjxists in P_Short_message 

=YES) AND /*stale page.*/ 
(page_version_number < vers ion- number in 
P_Short_message) ) then do. 

a. Mark the BCB "Page_unusable , Doing-I/0" 

/*This would prevent Data-RCV exit from moving data after S 
latch is released. We don't hold latch across lock request 
and I/O*/ 

b. Release latch. 

c. If Owner^Exists in P_:Short_Message =yes 

then Must-recover =Yes; /*Must -Recover flag 

is passed to 

else Must_recover =No. /*Page -Recovery 

Routine 

d- Call Page_Recovery_routine . 

e. S or X latch the page depending on request-type 

f. Return. 



Page-Recovery Routine 

35 1. If Must_recover = Yes then do. /*Page was cached 

somewhere*/ 
a. If BCB indicates "U„lock_held=No, 

Request P lock in U mode with "Comm_link_transf er=No" . 

40 

/*The request for U lock would make the owner write the page 
to disk. Note that the owner does not write the page to disk 
45 when S lock is requested on the page. Hence the need to get 

the lock in U mode*/ 



After the lock is granted, mark the BCB "U_lock_held=yes" , 
Read the page from disk. 



55 
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When I/O completes, 

a. Mark the BCB "Page_Usable, Doing I/0=No, 
New_page_requested=No" . 

b. Resume waiters, if any 

c. Return 



Case 2 - BCB exists 

1 . Chk-BCB*Again s 
If the BCB is marked "Page_Unusable" then 

a. Queue this transaction in the Waiter_q (anchored 
from the BCB) • 

b. Suspend the transaction. (The transaction is 
resumed when the pages becomes usable,) 

/^Processing of the Update Request Below*/ 
25 ^ ' 

2. If the Request- type=Update then do. 
a. X latch the page 

^ b. Chk-U- again: 

If ("U_lock_held = No") then do. 

1) Release X latch /*Don»t hold latch 
35 across lock 

request*/ 

2) If "U_lock_requested= Mo" then do. /* U lock 

not requested 

40 

yet*/ 

a) Mark the BCB "New_page„requested=Yes" 

b) If interference then go to Chk- BCB -again. 
^ /*if an I/O is in 

progress*/ 
/^as a result of S 
lock, wait*/ 

c) Mark the BCB "U_lock_requested=Yes" 

d) Request the U lock. 

55 
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/*(it is possible to send the version-number of the 
cached page when the U lock is requested. This is useful 
for the case when the requester has the current version 
of the page. The owner can compare the version-niimbers 
and not ship the page if requestor's version is 
current. )*/ 

e) When the U lock is granted, mark the BCB 
"U_lock_held"=Yes. /*Owner_Exists in 
P_Short_message would be 
yes if U lock was held by another 
system and it shipped the page, otherwise it 
would be no*/ 

i. If Owner_Exists in P.Short_message = YES 
then do. 

/*(Check if the shipped page has been moved by 

Data-Rev or not.)*/ 

i) X latch the page 

ii> if (page_version_number) < 

(version-number in P- short message) 

then do. 

1. Mark the BCB "Page^xmu sable, 
Doing_I/0" 

2. Release X latch 

3. Must_recover = No. 

/*U lock held, disk version 
is good*/ 

4. Call Page-Recovery routine. 

5. X latch the page 

6. If "U_lock_held"=No then do 

/*Did U lock get stolen 
while waiting for the 
latch*/ 

a. Release X latch 

b. Goto Chk*U-again 
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7, Return 

/*page-VRSN < VRSN in 
P_Short_insg*/ 
iii) Else do /*Page moved by Data-Rev is 
good*/ 

1. Resiune Waiters, if any 

/*These are U lock waiters 
or waiters for the new 
page*/ 

2. Return, 
ii) Else do 

/*Owner_Exists 

P_Short_msg=NO , check 
if cached page can 
satisfy the request*/ 

i) If (VRSN in 
P_Short_message > 

page -version-number) then do. 
1 K latch page 

2. Mark the BCB "Page_unusable , 
Doing_I/0" 

3. Release latch 

4. Must_recover = No. 

/*U lock held, disk version 
is good*/ 

5. Call Page-Recovery routine. 

ii) Resume waiters, if any 

/*U lock waiters or new 
page waiter*/ 
iii) X latch the page 
iv) Return 

Else do. /*U-lock already requested*/ 

a) Queue this transaction in the Waiter-q via 
compare double swap (CDS) instruction 

b) If interference then goto Chk-U-again 
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/*CDS failed, redrive*/ 

c) Suspend the transaction 

d) Goto Chk-U-again 

/*Redriv€ after wake up*/ 
c- Else Return, /*U lock is already held; return with 
X latch held*/ 

/*Processing of Read Request Below*/ 
Check-again; S latch the page. 

/*(The latch is acquired to serialize against the Data-Rev exit 
which can be in process because of a U lock request or because a 
new version of the page has been requested. Latch the page before 
comparing the page-version-nuznber . )*/ 

If (version- number in L-Short-tnessage <= 
page -vers ion -number) then Return 

/*This cached version can be used*/ 

If (version-number in L-Short-Message > page-version-nundier then 
do. 

/*New version of the page required*/ 

a. Release S latch 

b. If the BC3 is marked "New_page_requested=yes" 
then do. 

1) Queue this transaction in the Waiter-q. 

2) If interference then goto Check- again. 

/*CDS failed *e.g-, Interference 
could be if Data-Rev set 
"New_page_ r eque s t e d=No " */ 

3) Suspend the transaction. (The transaction is 
resumed by the Data-Rev exit or U lock 
requestor. ) 
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4) Goto Check-again, 
c. Else do. /*First one to detect the need for a new 
version*/ 

1) Mark the BCB "Newj)age_requested=Yes" 

2) If there is interference, then goto 
Chk-BCB- again . 

3) Issue a Notify to the U lock holder 
(owner) to "send the page*'. 



IS 



/*(The NOTIFY will cause, like a P lock request, a 
P_short_message to be sent by the owner of the page or by 
lock management. This avoids the need for setting time 
20 limit for page arrival*/) 

The transaction would be suspended here. It is resinned 
by the Lock Manager when the P^short message arrives. 

4) S latch the page 

/*This is to ensure Data-Rev is not 
30 moving data*/ 

5) If (version-number in L-Short-message > 
page-version-number) then do. 

/*New version didn't arrive, 
recover the page*/ 

a) X latch the page 
/*To recover the page, get readers 

out*/ 

b) Mark the BCB "Page-unusable, Doing-I/O" 
c> Release X latch. 

d) Must-recover = Yes. 

45 /*Get U lock to recover the page*/ 

e) Call Page-Recovery routine. 

f) S latch the page 

6) Return 

50 



36 



40 



55 In fix^page processing, when a new version of the page is received, all waiting transactions are woken up. 

it is possible to improve the processing somewhat by having Data-Rev awaken only those waiting transactions 
whose VRSN requirement is satisfied by the page just received. Data-Rev would issue a page request for the 
latest version of the page if the WAIT_QUEUE is nor-empty. This would require tracking the VRSN required 
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by each waiter in the waiter-q-element and additional logic in the Data-Rev exit. 



TABLE II PAGE TRANSFER (OWNER SYSTEM) 

BM (in the ovmer system) performs the following: 

1. Locate the page in the bufferpool and fix it. 

2. S Latch the page. 

/*This is required to transfer a consistent version of the page. 
(The update transaction acquires X latch to update the page.)*/ 

3. If (the page is dirty) AND (the requested lock mode is U) then 
initiate the disk write. 



25 4, If Comm- link- transfer = Yes then do. 

Copy the page and set up the control- information. 
Ship the page. 



30 



35 



40 



5. If (write I/O for the page is in progress) AND (requested lock is 
U) then wait for the I/O to complete. 

6. If the requested lock mode is U, then setup for downgrade of the P 
lock to S. 

NOTE the new lock state in the BCB. 

7. Unlatch the page. 



45 



55 



8. Unfix the page. 



9. Return to the Lock Manager with the P-Short-message and downgrade 
50 lock request, if any. If the requested lock is U, provide the 

version-number. The Lock Manager will update the version-number in 
its lock- table. 



10 . EXIT 
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TABLE III: DATA RECEIVE 

The following are important points concerning the processing done by 
DATA_RCV procedure s 

If the BCB doesn't exist when the Data-Rev is invoked, it 
infers that it is a delayed arrival of a previously requested 
page. Since the P . lock request from fixjpage triggers the 
page transfer, the BCB would exist if the page arrived in a 
timely manner. If the BCB does not exist when the Data-Rev is 
invoked, the received page is discarded. 

To know whether the page has been moved by Data-Rev or not, 
the BCB has a flag "Data_moved" as one of the possible page 
states. The page is cached if the BCB is marked 
"Page^unusable" and "Data_moved=On" . The page is not cached 
if the BCB is marked "Page_unusable" and "Data_moved=Of f " , 

Even if the BCB is marked "Page_usable" , a more recent version 
of the page may arrive, because of record locking- One reader 
could read its record from the cached version while another 
one requires a more recent version of the page for another 
record- The received page could be more current than the 
cached version due to intervening updates. 
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However, the vers ion- number of the received page must be 
inspected before overlaying it on the cached page. This is 
because of the uncertainty of the timely arrival of pages. 
The received page will be discarded if its version-number is 
less than or equal to the vers ion- number of the cached page. 

• To overlay an already cached page, Data-Rev gets an X latch on 
the page. Readers get S latch to use the page, updaters get 
an X latch* 

Multiple Data -Rev exits are also serialized by the X latch. 

The Data-Rev process locates the BCB for the page. The page would be 
discarded immediately for the following cases: 

1. The BCB does not exist 

2. BCB indicates "Doing„I/0" 

3. BOB indicates "Page_usable" AND "New_page_requested=NO*' 

If the BCB exists then there are 2 cases, the page is unusable or the 
page is usable. 

Case 1 - Page.Unusable 

1. X latch the page. /*Serialize against FIX_PAGE*/ 
2 If the BCB is marked "Doing I/O" or "Data_raoved=ON" OR 
"Page_Usable=ye s " 

then do. /*After getting X latch, recheck flags*/ 

a. Release the latch 

b . Exit 

/*(The transferred page is a stale version, so discard it. The 
only case when Data-Rev would continue its processing is when the 
BCB is marked "Page_unusable, Data_moved = OFF"*/ 

3. Copy the page. 

4. Note the version-number (of the page) in BCB 

5. Mark the BCB "Data^MovedsOn" . 
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6. Unlatch the page 

(This would resume the FIX_PAGE of the requestor which issued the P 
lock request, if it was waiting.) 

7. Exit. 

Case 2 - Page-usable 

1. K latch the page. (This is to serialize against the 
readers, iipdaters and the Page-recovery routine.) 

/*After the X latch is obtained, recheck flags - see below*/ 

2. If (the BCB is marked "Doing-I/0") OR /*This is the 
write I/O*/ 

/*of a dirty page or read I/O because of page recovery*/ 
/*must be a stale version*/ 
(BCB is marked "New_page_requested=NO") OR /*New page already 
rcvd*/ 

(version-number of received page<= /*Stale version*/ 
page -vers ion- number of the cached page) 
then do. 

a. Mark "Newj)age_requested=No" 

b. Unlatch the page 

c. Exit. 

3. Copy the page 

4. Note the page -vers ion-number in BCB 

5. If "U^lock^re quest ed=No" then do. /*If U lock is 
requested then waiters are woken up after U lock is gotten*/ 

a. Swap the Waiter-q 

b. Set '*New_page_requeste<^No" 

6. Unlatch the page 

7. If Waiter-q swapped then Resume waiters 

/*Waiting for new version of the page*/ 

8 Exit. 



Refer now to figures 2 and 3A-3C for an example showing use of the VRSN value in connection with record 
locking to detect the presence of a dirty page in an owner's buffer pool when the page is requested by another 
system. Assume initially the page PI does not currently reside in any buffer pool, but that it is available on disk. 
In step 200 of Figure 3A, a transaction Tx2 in the CEC 12 requests a read on a record R2 in the page P1 . In 
response to which its DM 20 in step 202 sends a lock request message for an S-mode L lock to the LM 40 by 
way of its LLM 1 8. Accompanying the lock request is a verify request asking for the current value of VRSN for 
the page P1 which contains R2. Assume the same sequence slightly delayed, in CEC 14 for a second trans- 
action Tx1 except that an X-mode L lock is requested on record R1 in page PI. These steps are 204 and 205 
in Figure 3A. The GLM 40 in response to each L tockA/erify request accesses the global lock table, finds no 
record for page PI. In steps 206 and 207. the GLM sends a message to the requestor granting the requested 
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locks and returning, in an L_short_message, the default zero value for the VRSN. When the grant lock mes- 
sage/short.niessage is received in step 208 by the DM 20, it initiates fix_page processing by a request for the 
page to the BM 24. The BM 24 in step 209 begins fix_page processing according to case 1 in Table I building 
a BCB for P1 and sending a message requesting an S-mode P lock. The message sent requesting the P lock 

5 elicits a grant message from the lock manager in step 210 which includes a P short message. The P_short_mes- 
sage has two relevant fields: OWNER.EXISTS and VRSN value. In this case, absence of a U-mode lock causes 
the first field to be set to "NO", while lack of an update causes the second field to be set to 0. Now, in steps 
211-216 the fix_page processing begins step 5 (Table I), and executes substeps a-f by calling the 
page_recovery routine and obtaining the page PI from the disk. Assume that the disk version of the page has 

10 VRSN=98. Now the transaction Tx2 reads record R2 and completes its processing. Since the process was a 
read, no updating log entries were created and the VRSN number of the page remains the same. The DM 22 
requests release of the L lock. 

Now in step 221, slightly delayed from the acquisition of the page PI by the BM 24, the L_short_message 
received in step 207 by the DM 32 in the DBMS 30 of CEC 14 is passed to the BM 34 in a fix__page call. In 

IS steps 222-224, the BM 34 does fixj>age processing according to case 1 in Table I, building a BCB for PI and 
sending a message requesting a Unnode P lock. This request results in a grant from the lock manager which 
includes a P_short_message. Since the existing P lock on page PI held on behalf of the BM 24 is an S-ntode 
lock and the page has not been updated, the GLM sets the OWNER.EXISTS field to NO and the VRSN value 
to 0. Now (in step 224) the fix_page processing of the BM 34 goes to step 5 of Table I. executes substeps a-f, 

20 and obtains the page PI from the disk. Note that the VRSN value of ^e page PI is still 98. Referring now to 
Figure 3B, the transaction Txl in step 225 updates the record R1, obtains the log value for LSN resulting from 
logging of the update and updates the VRSN fields of the BCB and the page. In step 225, the VRSN value is 
updated to 99 and the BCB and new verston of the page P1 In the buffer pool 36 of the CEC 14. The transaction 
is then committed and then an unlock request message is sent to the lock manager requesting release of the 

25 L lock on R1 and for P1 providing the VRSN value of 99 resulting from the update. When the request is received 
in step 227, the GLM 40 changes the VRSN value and the corresponding record of PI and then processes the 
unlock request, releasing the L lock on R1. Note that the U-mode lock held by the BM 34 which is entered into 
the MODE field of the corresponding global lock table record has not been released. 

At this point in Figure 3B when step 227 is completed, a dirty verek>n of page PI is cached in the buffer 

30 pool 36 with a VRSN value of 99, this value will have been entered into the lock record for the page P1 in the 
global lock table, and an earlier version of the page (number 98) has been cached in the buffer pool 26 of the 
DBMS 16. Now, any lock or verify request received by the GLM for the page P1 will be provided with a trail in 
the form of a VRSN value in the lock record for the page P1 in the global lock table as long as P lock is held 
on P1 by any system. Recall that the lock record will record the owner of the U-mode P lock; in this case the 

36 owner is BM 34. 

In step 228 of Figure 3, a third transaction Tx3 in CEC 12 causes DM 20 to issue an L lock/verify request 
in step 229 to obtain a lock on record R1 and verify VRSN for PI . in step 231, the GLM 40 checks the global 
lock table, finds the entry for record P1, obtains the updated VRSN value of 99, and sends a 
grant/L_short_message back to the DM 20. When the grant is received, the DM 20 in step 233 passes the VRSN 

40 value to BM 24 which executes case 2 of its fixj>age process in step 235. Since the page is usable and an 
update request has not been received, processing begins at step 3 of case 2 of Table I, the page is S-4atched 
locally and the VRSN value is checked against the VRSN value in the BCB. Since the VRSN value in the L- 
_short_message is greater than the value in the BCB, step 5 is executed. At this point, the need for a new ver- 
sion of the cached page is detected and the processing is directed to transferring the new veraion of the page 

45 into the buffer pool 26. 

Refer now to Table I, step 5. figure 2, and figure 3B to understand the transfer sequence according to the 
invention. In step 5. of Table I, the S-latch is released, it is assumed there are no contending requests submitted 
to the DBMS 16 for page PI and the processing proceeds to step 5.C. Assume that the steps 5.C.1) and 2) are 
completed. In step 5.c. (step 237 of Figure 3B) the BM 24 issues a notify addressed to the owner (BM 34) of 

50 page PI via GLM 40. The notification is to "send the page". Now the processing suspends until the P- 
_short_message is sent The notify message is forwarded through the lock management in step 239 to the BM 
34 and initiates its page transfer process, described in Table II. Refer now to Figure 3C. In step 241 , in response 
to the notify forwarded to the BM 34, BM 34 locates the page in the buffer pool, S-latches the page and moves 
to step 3. In this case the page is dirty but the request is for an S-mode lock so step 3 is skipped. In step 4 the 

55 COMM_LINK_TRANSFER default setting is "yes". Assuming default setting, the page PI is copied, control 
infonnation required is set up and the page and the information is sent to CEC 12 via comm link 50 in step 245. 
In this example, steps 5 and 6 of Table 11 are skipped, in step 7, the page is unlatched, in step 8, the page is 
unfixed, in step 9 of Table i. a P.short.message is sent through the lock management to the CEC 12. This 
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corresponds to steps 247 and 248 of Figure 3C. It should be evident that there will be a race between the P- 
_short_message and the transferred page. It is assunned that the message time through the lock management 
Is longer than the time to transfer the message over the comm link 50 directly, therefore, assuming normal oper- 
ation, the page will be received at the CEC 12 before the P_short_message. 

5 At step 250 of Figure 30 when the page is received, together with the control information, the data.recelve 

procedure of Table III in the CEC 12 is invoked. 

Referring now to Table III and to Figure 3C, the BCB for page P1 does exist when the data_receive pro- 
cedure is invoked because of the previous transaction, the page is marked as "usable" in the BCB 
PAGE_USABLE field. At this point, the process considers whether the page is more current than the cached 

10 version by comparing version numbers in step 252 of Figure SC. In this example, this is precisely the prevailing 
condition. In this case, case 2 of Table III is followed (step 255 of Figure 3C) since the prior version of the page 
in the buffer pool 24 was usable. Thus, the page is X-latched, none of the conditions of Table ill step 2 are met 
and the page is copied, its VRSN value is copied into the BCB, and since no U-mode lock was requested, step 
5 is executed, the page is unlatched the waiting transaction is awakened and the process is exited. 

IS Retuming how to step 5.c. 3) of Table I (step 257 of Figure 3C), It is assumed that the page has been entered 

by the data receive process by the time the P_short_message arrives. Therefore, when the BM fix__page pro - 
cess is awakened, the page is S-latched and the version numt>er in the buffer pool is compared with tt\::-.i. 
received in the L_short_message in step 259 of Figure 3C. If the message value is greater than the value in 
the BCB. the assumption is that the new version did not arrive, requiring recoveiy of the page (step 262 of the 

20 Figure). Otherwise, the page has arrived, been entered Into the buffer pool, its VRSN value updated, and the 
page is therefore available to the suspended transaction. 

SINGLE SYSTEM RECOVERY 

25 With reference to restart recovery after a system failure, (an approach to which is discussed in the IBM 

RESEARCH REPORT RJ6649, published in January, 1989, and revised November, 1990, which is entitied 
"ARIES: A Transaction Recovery Method Supporting Fine Granularity Locking and Partial Rollbacks Using Wri- 
te-Ahead Logging' by C. Mohan et al.) the following points should also be noted: 

During the undo pass, the U-mode lock must be reacquired on an affected page if it is not already held. 

30 This U lock acquisition will not cause deadlocks since, even during normal processing, U locks are not involved 
in deadlocks. 

A page involved in redo recovery (i.e., a page for which the U lock was held at the time of system failure) 
is transferable to any other system which needs it after the redo pass is completed. If the failed system is in 
its restart recovery, then LM would queue the incoming remote lock request until the failed system indicates 
35 that its page-transfer procedure is enabled. The transaction system would enable the page-transfer procedure 
at the end of the redo pass (i.e., after 'repeating history" for all the missing updates). 

Fast Scheme 

40 With the fast scheme, since a dirty page's ownership is transfenr^ without first writing it to disk, the page's 

RLSN has to be tracked at GLM to recover the page correctiy in case the new owner fails before the page is 
written to disk. To accomplish this, a value for RLSN is provided when the U lock is requested for a page. 

Assigning and Tracking RLSN 

45 

The RLSN is assigned by the DBMS and tracked by lock management, BM assigns and tracks RLSN in 
the BCB when a U-mode lock is requested for a page or whenever the page's state changes from nondirty to 
dirty. The BM chooses as RLSN the LSN that would be associated with a log record if it were to be written now 
(essentially the end-of-log LSN). LLM and GLM initialize the RLSN field of a lock table entry to the maximum 

50 number that can be stored in that field (referred to as Hi-Value). An RLSN value of Hi-Value for a page implies 
that no recovery is needed for that page. When a U-mode lock is requested for a page, the P lock request would 
include tiie RLSN value assigned by BM. BM would request that the value be set conditionally by lock man- 
agement. Lock management (LKM) would set its RLSN to that value if the current RLSN value at LKM is Hi- 
value. This means that when a dirty page's ownership is being transferred from one system to another, without 

55 the page being written to disk, the RLSN value at LM is not modified. In any case, LM would return to BM the 
RLSN value that it has after processing the lock request When a U-mode lock is released or downgraded to 
an S-modeJock without the ownership of the page being transferred to another system (which can happen only 
after the cunrent owner writes the page to disk) lock management can set RLSN to Hi-Value. 
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To reduce the log range that would have to be processed for page recovery, BM in the owning system 
pushes the RLSN forward after writing the page to disk but before it is dirtied again by asking LKM to set RLSN 
to Hl-value unconditionally. In this case, when the page becomes dirty again, BM would have to first update 
RLSN at LKM before allowing the update to take place. Altematively, the RLSN can be pushed after the page 
5 becomes dirty again to the higher value tracked In the BCB without the value being set at LKM to Hl-value in 
between. Pushing the RLSN forward is not required by the methods presented here. This is an optimization to 
reduce the range of the log that would have to be scanned in case a failure happens and the page needs to 
be recovered. 

10 Fix_Page Processing 

The Inputs to flx_page are the same as for the Medium speed scheme. The processing Is similar to that 
for the Medium scheme except for the following: 

RLSN (=Current-end-of-log LSN) is set conditionally when the P lock Is requested In the U mode. Note 
IS the RLSN returned from the lock manager in the BCB. The RLSN is tracked in the BCB to push It fonvard after 
a write to disk. 

Since a dirty version of a page may be transferred when the U lock is requested, such a page is queued 
in the Dirty_Q after the page is marked usable. 

When a page sent by an owner is not received by the time the U lock is acquired by the requesting sys- 
20 tem, during the processing performed in the Page Recovery routine, after reading the page from disk, the log 
must be processed from RLSN to recover the page. 

BM Procedure for Page Transfer (Owning System) 

25 When the BM page-transfer procedure Is Invoked In the system owning a page, if Comnvllnk-transfer=No 

Is specified, then the Medium scheme would be used. Typically, this option would t>e used when the lock is 
requested in U mode to make the owner write the page to disk. Otherwise, the procedure would first fix and S 
latch the page. This latching is required to transfer a consistent version of the page. If the page is dirty, the 
U-lock is requested by the other system and a write I/O for the page is not in progress, then, if necessary, the 

30 log is forced up to the LSN of the page and the page is removed from the Dirty_Q. If the page was removed 
from the Dirty_Q, then Page-dirty=ON is set in the control-infonmatlon that will be sent to the requestor. The 
page is shipped directly to the requesting system along with the control information. If write I/O for the page is 
in progress and the mode of the requested lock is U, then the procedure waits for the I/O to complete. Next, If 
the requested lock mode is U, then the request to downgrade the P lock to the S mode is prepared and the 

35 new lock state is noted in the BCB. In this case, the procedure will also pass on the LSN of the page for lock 
management to update the LSN value in its lock table for this page. The page is unlatched and unfixed. The 
procedure then retums to LM with the P-Short-message and, possibly, the downgrade request 

Data Receive Procedure 

40 

The processing In the Data-Rev procedure will differ from that described in the Medium scheme if a dirty 
page were shipped, as will be indicated by the control-information accompanying the page. The following 
additional processing is required: 

Mark the BCB to Indicate that the page is dirty. 

45 

Recovery from a Single System Failure 

The lock management for a DBMS was described at>ove as consisting of a GLM in conjunction with a local 
lock manager for the system. In order to deal with a failure of GLM, the inventors assert that a back-up GLM 

50 would be defined for monitoring the state of the primary GLM to determine when to take over the functions of 
the primary. When the back-up GLM takes over. It communicates with all LLMs to reconstruct the global lock 
table Infonnation. When the GLM notices that an LLM has failed, it will release alt the locks held by the failed 
LLM except those which the LLM has specifically asked to be "retained". To recover from the failure of multiple 
systems in the shared disk complex of Figure 1, the global lock table of the GLM Is periodically checkpointed. 

55 Now consider the case when the page P locks and their RLSNs are available from the GLM at a system 

restart A page which needs redo recovery would have a U-mode lock held and its RLSN will not be equal to 
Hi-value. The minimum of the RLSNs of all the pages for which U-mode locks were retained by the recovering 
system is taken into account in computing the start point for the log scan of the redo pass. The merged log is 
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scanned during the redo pass for redoing any updates which might be missing from the pages. A log record's 
update would be redone only if the U lock Is held and the page's LSN is less than the LSN of the log record. 
The log Is scanned up to END-LSN (the last log record written by the recovering system before It failed). 

If a system requests a page lock which is retained In the U mode and the failed system has not begun Its 
5 recovery processing, then GLM can grant the lock to the other system along with the message "You Recover 
the page". This improves availability to the data. GLM can indicate the need for recovering the page before its 
use via the P-ShortHnessage which Is sent to the requestor. With this enhancement, if only the S-mode lock 
were requested, then GLM will grant the U-mode lock. 

The P-Short-message would have the following additional information: 
10 1 . Indicator - "You recover the page" 

2. System-ID of the system which retained the lock. 

The requestor can query the system merging the local logs to determine the End-LSN of the failed system 
that held the U lock. As before, the RLSN kept at GLM would be returned when the lock Is granted. The requestor 
can then read the page from disk, scan the merged log from RLSN to End-LSN of the failed system and recover 
15 the page. When such a recovery Is done, the recovered page Is marked dirty and placed in the Dirty_Q. 

If the failed system has already begun its recovery processing and a retained P lock is requested by another 
system, then the lock is transferable only after the redo pass of recovery is completed. This is the same as the 
nnethod described for the Medium scheme. During undo, U-mode locks would have to be reacquired on the 
affected pages If they are not already held. 

20 

Recovery from a Complex (Environment-wide) Faflure 

A shared disk-complex failure Is characterized by the loss of ail the retained locks and their RLSNs. In such 
an event, the start point for the redo processing scan of the log cannot be detennriined as in the case of a single 
25 system failure. Also, since a page can be transferred while it is dirty, there is a time period when it is in transit 
and it does not belong to any system. This can jeopardize the recovery of a page. An example of the problem 
was given eariier and the need for periodically checkpointing GLM's lock table was explained. 

Checkpointing of the GLM Lock Table 

30 

Perk>dically, a system takes a GLM checkpoint by first writing a begin_GLM_checkpoint log record and then 
requesting the IDs of aO pages and associated RLSNs for pages with RLSNs not equal to Hl-value from GLM 
and writes them Into an end_GLM_cleckpoint log record. The frequency of the checkpoint can be based on the 
number of log records written in the SD-complex by the different systems. 
35 The following is required to determine the restart redo point after an SD-complex failure: 

1. The end_GLM_checkpoint log record must be accessed and based on its contents, the minimum of the 
RLSNs must be determined. If no page had an RLSN value smaller than Hi-value when the GLM lock table 
checkpoint was taken, then the above minimum is set to be the LSN of the begin_GLM_checkpoint log 
record. 

40 2. The merged log must then be processed starting from the LSN which is the mininmim of the LSN of the 

begin_GLM_checkpoint log record and the LSN determined In the previous step. This processing, called 
"redo recovery", processing can include a method such as is described in the IBM RESEARCH REPORT 
RJ6649, published in January, 1989, and revised November, 1990, which is entitled "ARIES: A Transaction 
Recovery Method Supporting Fine Granularity Locking and Partial Rollbacks Using Write-Ahead logging" 

45 by 0. Mohan et at. Until the redo scan reaches the begin_GLM^checkpoint log record, only log records 

relating to pages in the GLM checkpoint log record need to be processed. After that point all log records 
would have to be processed until the end of the log is reached. 

Super-Fast Scheme 

50 

This scheme is described as changes to the Fast scheme. 

The control-infonmation which is shipped with the page contains the following additional Information to 
track whether the log records of the updates to this page by other systems have been externalized or not The 
fomnat of this additional information is as follows: there are a fixed numk>er of slots (e.g., 8) where each slot 
55 contains a system-ID and the highest LSN of the log record written by that system for the update of the page 
before the page was transferred. If no slot is available, then the log would be forced by this system before the 
page transfer. 
6M on the owner skJe 
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If a slot is available, the systenvlD and the page LSN are placed in it The log is not forced. 
If no slot is avaDable/the log is forced before the page transfer. 
The fix_page processing is the same as for the Fast scheme. 

The Data-RCV procedure gets the extended controMnformation and anchors it from the BCB. 
5 Hi-LSN Broadcast Procedure: 

Periodically, each system sends its Hi-LSN to GLM to indicate how far the log has been exter- 
nalized in that system. GLM locates entry corresponding to the system-id and replaces its Hi-LSN with the pro- 
vided value. Periodically, GLM infomis the other systems of the Hi-LSN via a message which invokes a 
procedure in the receiving system. The called procedure's processing is as follows: 
10 each system has a vector of the system's-IDs and their respective Hi-LSNs. This vector is updated 

based on the message from GLM. 

Additional processing in the process which writes dirty pages to disk: 

Before writing the page to disk, the process checks for every slot whether the slot* s LSN Is less 
than or equal to the slot's system's Hi-LSN. If not, it issues a Notify with Ack to the appropriate system asking 
IS it to force its log up to that slot* s LSN. If a system does not respond because it has failed, then the page is 
recovered from the merged log starting from the RLSN to the log point when the page recovery was initiated. 
Single system recovery: 

If the failed system held any U lock, the merged log is scanned from the RLSN to the time of failure. 
Note that the log merge process would cause log records in all systems to be externalized up to the time of 
20 failure and hence covers the case when a non^ailed system can have a unextemalized log record at ttie time 
of page recovery which gets extemalized later because the transaction commits. The page recovery would miss 
this log record If the log is not forced in the non-failed system. 

The other processing Is the same as that described for the Fast scheme. 
The complex recovery is the same as that for the Fast scheme. 

25 

Enhanced Data Availability 

When the Medium scheme is in use, data availability can be further improved by taking some additfonal 
steps during certain failures. If a system were to fail white holding the U lock on a page, and another system 
30 were to need the same page, then GLM can grant the P lock with an indicator "You recover the page". This 
can be done with record locking since the locks on uncommitted records would still be held by the failed system. 
This would provide better data availability because, if the requesting system were able to get a lock on a record 
that it needs to access and which is present in that page, then it would be able to access that record before 
the failed system recovers. 
35 Next the details of how BM and GLM support this enhanced availability are discussed. 

GLM supports an option which can be specified with a lock request whether a lock is transferable or not 
while it is retained. This option allows a P lock to be transferred to another system even though it is retained. 
Note that the lock is transferable only if the failed system is not in its restart processing (e.g.. It has not yet 
connected to LM during its restart). If the failed system is undergoing restart, then the page can be transferred 
40 only after the redo pass is completed. 

BM provides the RLSN (the Current-end-of-log) to LM when it requests the P lock in U mode and an 
indicator that the lock is transferable while retained. 

The RLSN is maintained by LM and pushed forward after a write I/O by BM as explained eartier. 
When a requestor requests the P lock which is retained and the failed system is not in its restart recovery 
45 processing, GLM indicates to the requestor "You recover the page from RLSN r of System a" and grants It the 
Ulock. 

GLM has an additional field In the lock name entry for the system-ID whose log is needed for recovery. 
However, when GLM tells a requestor "You recover the page", the systenvID of the lock owner would be dif- 
ferent from that for the recovery log. The requesting system, after recovering the page and writing it to disk, 
50 wQl issue a request to LM to set ite system-ID for the recovery log. 

BM in the requesting system recovers the page by scanning system a's log from RLSN r to a's end of 

log. 

In the practice of this invention, a central electronic complex can include, for example, a mainframe digital 
computer of the nmilti-processing type. An example of such a computer is the IBM 3090 series machine, par- 
55 ticulariy the Model 600. As is known, the Model 600 can execute a plurality of processes including a DBMS 
instence of the DB2 type. 
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Claims 

1 . An electronic data processing system comprising a plurality of central electronic complexes each operable 
to execute one or more processes using data stored in one or more disk storage devices to which all of 
5 the central electronic complexes are coupled, comprising first lock means for 

issuing a lock on a unit of data obtained from a disk by a first process in a first central electronic 
complex, means responsive to 

updating the unit of data by the first process to 

generate a version number for the unit of data from a series of monotonically increasing num- 
10 bars, means for 

attaching the version number to the unit of data in the first central electronic complex and 
storing the version number with the lock, 
means for issuing from a second process in a second central electronic complex a request for a 
lock on a record in the unit of data, 
15 means responsive to the request for the lock on the record to provide the second process with the 

stored version number, second lock means for 

Issuing a lock on the unit of data by the second process, 

means responsive to the lock by said second lock means to transfer the unit of data to the second 
process from the first process without writing to disk or without log I/O for updates to the unit of data, and 
20 means for comparing 

the stored version number with the version number In the unit of data transferred to the second pro- 
cess, from the first process, and, if the numbers differ provkJing the unit of data to the second process 
from the disk then reading the record disk, 

otherwise reading the record from the unit of data transferred to the second process from the first 
25 process. 

In a system for sharing access to data among a plurality of central electronic complexes by issuing locks 
to processes executing in the central electronic complexes, the data stored on one or more disks to which 
all of the central electronic complexes are coupled, the locks being issued and managed by a lock manager 
to which all of the central electronic complexes are coupled, a method for providing fast access to units 
of data without disk I/O and with guaranteed integrity of a transferred unit of data, the method comprising 
the steps of: 

Issuing a lock on a unit of data obtained from a disk by a first process in a first central electronic 
complex; 

updating the unit of data by the first process; 
in response to updating the unit of data by the first process: 

generating a version numberfor the unit of data which is a monotonically increasing numben 
attaching the version number to the unit of data in the first central electronic complex; and 
storing the version number with the lock; 
issuing from a second process in a second central electronic complex a request for a lock on a 
record in the unit of data; 

in response to the request- for the lock on the record, providing the second process with the stored 
version number; 

issuing a lock on unit of data by the second process; 

in response to granting the lock on unit of data facilitating transfer of a unit of data to the second 
process from the first process without writing the unit of data to a disk or without log I/O for updates to the 
unit of data; 

if the stored version number differs from the version number in the unit of data transferred to the 
second process from the first process, providing the unit of data to the second process from the disk and 
then reading the record disk; 

otherwise, reading the record from the unit of data transferred to the second process from the first 
process. 
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